We present new classes of supersymmetric Standard-like models from type IIA T 6 /(Z 2 × Z 2 ) orientifold with intersecting D6-branes. D6-branes can wrap general supersymmetric three-cycles of T 6 = T 2 × T 2 × T 2 , and any T 2 is allowed to be tilted. The models still suffer from additional exotics, however we obtained solutions with fewer Higgs doublets, as well as models with all three families of left-handed quarks and leptons arising from the same intersecting sector, and examples of a genuine left-right symmetric model with three copies of left-handed and right-handed families of quarks and leptons.
I. INTRODUCTION
property supersymmetric as well as non-supersymmetric toroidal orientifold constructions.
It is due to the fact that the typical cycles of the tori, wrapped by D6-branes, are not rigid.
Addressing Calabi-Yau compactifications with rigid supersymmetric cycles would therefore be one avenue to pursue, however the calculational techniques of conformal field theory may not be applicable there. The original construction also contains charged exotics, some of them fractionally charged, and it has many Standard-Model Higgs doublets (12 H U and 12 H D ). The model also has two additional non-anomalous U(1) factors, and for one of them there are no light elementary Higgs field candidates to spontaneously break it. (See [22] for details.)
The model, however, has an additional quasi-hidden gauge sector that is confining. This sector may allow for binding of exotics into composite states that have charge assignments of the (fourth) left-handed family, as discussed in [22] . Another interesting implication of this confining sector is a possibility of gaugino condensation which may trigger supersymmetry breaking and stabilization of moduli [24] .
Phenomenology of both non-supersymmetric [4, 11, 25] and supersymmetric [22, 23, 24] models was addressed, however the calculations of couplings has been only recently studied.
The tree-level gauge couplings and their low energy implications have been studied (See e.g., [22] and references therein). A calculation of gauge coupling threshold corrections [26] is also of interest, since it could be compared to the strong coupling limit of M-theory compactified on the corresponding G 2 holonomy space [18] .
Most recently, progress has been made for the calculations of couplings for states at the intersections. In particular the Yukawa couplings of quarks and leptons to Higgs fields is of most interest. These couplings are expected to obtain contributions from the world-sheet (disk) instantons associated with the open strings stretching between the three intersections [2] . Recently, the complete instanton sum for toroidal orientifolds has been addressed in [27] . The full coupling, that includes the classical and the quantum part contribution has been calculated in [28] , employing the conformal field theory technique. (See also [29] for a conformal field theory calculation of the classical part of the Yukawa couplings.)
The purpose of this paper is to present new classes of supersymmetric Standard-like models within T 6 /(Z 2 × Z 2 ) orientifolds with intersecting D6-branes. We generalize the original constructions [12, 13] by allowing for D6-branes wrapping most general three-cycles, constructed as a product of one-cycles on each two-torus, and for any of the two-tori to be tilted. The aim is to demonstrate existence of Standard-like models with fewer Higgs doublets and fewer exotics. As a by-product we also obtain the models that have threefamilies of left-handed quarks and leptons arising for the same intersecting sector, as well as the models where the number of the right-handed families is also three. [In the original construction one of the families arises from a different intersection sector. There the number of right-handed families was even, which in turn required additional exotics to cancel the Standard-Model gauge group anomalies.]
The models that we constructed are basically descendants of the left-right symmetric models, i.e. the non-anomalous hypercharge is obtained as a linear combination of nonanomalous U(1) charges that lie within the Pati-Salam left-right gauge group structure [30] .
As a consequence we typically obtain two additional non-anomalous U(1) gauge group factors in the observable sector, just as in the original construction.
The paper is organized as follows. In Section II we summarize the features of the construction. In Section III we give details about specific classes of new models. Conclusions and open avenues are given in Section IV.
II. CONSTRUCTION OF SUPERSYMMETRIC MODELS FROM
A T 6 /Z 2 × Z 2
ORIENTIFOLD WITH INTERSECTING D6-BRANES
Let us, for completeness, present the orientifold construction in [13] as well as some minor changes in notation which were introduced in [19] . The starting point is type IIA string theory compactified on a T 6 /(Z 2 × Z 2 ) orientifold. We take
the product of three 2-tori and introduce complex coordinates z i , i = 1, 2, 3 parameterizing each of the 2-tori. The orbifold group generators θ, ω then act on T 6 as
The orientifold projection is implemented by gauging the symmetry ΩR, where Ω is worldsheet parity, and R acts as
There are then four kinds of orientifold 6-planes (O6-planes), associated with the actions of ΩR, ΩRθ, ΩRω, and ΩRθω respectively. To cancel the RR charge of the O6-planes, D6-branes wrapped on factorized three-cycles are introduced. We consider K stacks of N a D6-branes, a = 1, . . . , K, wrapped on the n are only two choices of the complex structure consistent with the orientifold projection as explained in [19] . In either case a generic two cycle is labelled by (n 
where β i = 0 if the ith torus is not tilted and β i = 1 if it is tilted. In particular, the homology three-cycles wrapped by the four orientifold planes are (our normalization of the orientifold cycles, explained in more detail in [19] , is slightly different from the one in [13] . Here we include the multiplicity of the orientifold planes which allows for a uniform treatment of rectangular and tilted tori.)
If we define [
, the chiral spectrum in the open string sector can be described in terms of the intersection numbers
where k = β 1 + β 2 + β 3 is the total number of tilted tori.
The model is constrained by the tadpole cancellation conditions
as well as the conditions to preserve N = 1 supersymmetry in D = 4 [6] , namely each stack of D6-branes should be related to the ΩR-plane by an SU(3) rotation. If θ i is the angle the D6-brane makes with the ΩR-plane in the ith torus, then supersymmetry requires
In [19] it was shown that this condition can be rewritten as
where
(R 2 /R 1 ) i are the complex structure moduli. λ is a positive parameter without physical
significance.
The open string spectrum of these constructions for branes at generic angles was discussed in detail in [13] . We summarize the results in table I. In particular, the aa sector arising from open strings stretching within a single stack of D6 a -branes contains U(N a /2) gauge fields as well as three adjoint N = 1 chiral multiplets which are the moduli associated with the non-rigidness of the three-cycles the D6-branes wrap. The ab + ba sector contains 
) fermions TABLE I: General spectrum on D6-branes at generic angles, i.e., angles that are not parallel to any O6-plane in all three tori. The spectrum is valid for both tilted and untilted tori. The models may contain additional non-chiral pieces in the aa ′ sector and in ab, ab ′ sectors with zero intersection, if the relevant branes overlap. In supersymmetric situations, scalars combine with the fermions given above to form chiral supermultiplets.
III. FEATURES OF THE SUPERSYMMETRIC STANDARD-LIKE MODELS
In trying to solve the tadpole and supersymmetry conditions, along with other phenomenological constraints such as three families of quarks and leptons and semi realistic gauge groups, it is very useful to classify all possible supersymmetric brane configurations that can be used in any model based on this construction. This is indeed possible because supersymmetry, in contrast to the tadpole cancellation conditions, constrains each stack of branes individually. In [19] we have classified all supersymmetric brane configurations in the context of the T 6 /(Z 2 × Z 2 ) orientifold described above. We found that a brane wrapping a 3-cycle which has three wrapping numbers n i , l i equal to zero is necessarily parallel to one of the four orientifold planes. Such brane configurations (filler branes) trivially satisfy the supersymmetry conditions and so can help solve the tadpole conditions. There can be no supersymmetric brane configuration along a cycle with two vanishing wrapping numbers and hence the only other possibilities are one or no zero wrapping numbers. Each of these gives a supersymmetric configuration together with a constraint for the complex structure moduli [19] . Since there are three independent moduli parameters we can generically include only up to three such brane configurations. Otherwise the system is overconstrained. Having these building blocks at our disposal we can start looking for models with the desired gauge group and number of families.
We first consider three-family models with gauge group U(4) × U(2) × U(1). Here SU (4) subgroup of U (4) Apparently the tadpole and supersymmetry conditions for this type of models are less constraining than for the three-family SU(5) GUT models in [19] . Although this makes it easier to find consistent Standard-like models it seems more difficult to find all possible models and show there are no more models of a certain type as was done for GUT models.
So, instead, in table II we present some examples and compare them with the three-family model of [13] . In fact, model I.3 is precisely this earlier model but with slightly different conventions (the wrapping numbers have been assigned differently to the three two-tori).
All four models share a similar gauge group and spectrum. The chiral spectra in the open string sector are tabulated in Tables IV, V, VI. To generate right-handed quarks and leptons (and of course the appropriate assignments for the U(1) hypercharge) we break the USp(8) or USp(10) factor to a number of U(1)s by moving the branes away from the orientifold planes. From the action of the orientifold model I.1 For example, the intersection number I ac between stacks a and b is found in row a column b. For convenience we also list the relation among the moduli imposed by the supersymmetry conditions, as well as the gauge group for each model. group 1 and 2 we see that a D6-brane which is away from the orientifold plane in one of the three 2-tori has one image under the orientifold group. Similarly, a brane away from the orientifold plane in two or three tori has two and three images respectively. This means that we can break USp(2) to a single U(1) by moving the 3-cycle away from the orientifold plane in one torus (the original two branes on top of the orientifold plane account for a single brane away from the orientifold plane and its image). USp(4) can be broken to either two U(1)s through two USp(2)s or down to a single U(1) by moving the brane away from the orientifold plane in all three tori (thus generating four images). For USp (6) we can have the following breaking patterns
where the last scheme arises when two of the original six branes are displaced away from the orientifold plane in two tori, thus each gaining two images under the orientifold group.
Since the U(1)s obtained this way are non-anomalous they do not acquire string scale mass and so extend the gauge group beyond the Standard Model. To avoid having too many such factors surviving we break USp(8) and USp (10) as
resulting in the minimal number of U(1)s.
If we denote by Q 1 , Q 2 and Q 3 the U(1) factor of the corresponding U(n), the linear combination Q 3 /3 − Q 1 = B − L is non-anomalous because it corresponds to a generator in 
The phenomenology and the tree-level gauge couplings of the three-family model in [13] were discussed in detail in [22] . Yukawa couplings in this context were discussed in [23] and more recently studied in detail in [27, 28, 29] . The models we present here have very similar properties and so we will simply point out the essential differences.
A common feature of the new models is that they have less filler branes than the original model I.3. In fact model I.4 is the first example that includes a stack with no zero angles relative to the ΩR plane, and hence there is an additional complex structure modulus, that is not fixed. In fact there is a two-parameter family of such models in moduli space. Models I.1 and I.4 give three families of left-handed quarks and leptons from the same intersection, in (1)s there are no Higgs field candidates to spontaneously break them (see [22] for a discussion). 
where I 3L , I 3R are the Cartan generators of SU(2) L and SU(2) R , respectively, and B − L is identified as before with the U(1) in the breaking of SU(4)
The Higgs sector of the model , however, contains 16 Higgs bi-doublets. In addition, the symmetric multiplets coming from SU(2) L and SU(2) R are not charged under B − L and hence they cannot be used to break SU(2) R . Nevertheless, SU(2) R could be broken to U(1)
by separating the two branes but, again, there is no mechanism to break this non-anomalous 
IV. CONCLUSIONS
By generalizing the original supersymmetric constructions within T 6 /(Z 2 × Z 2 ) orientifolds with intersecting D6-branes we presented new supersymmetric Standard-like models.
In particular we allowed for D6-branes wrapping most general three-cycles, which are product of one-cycles on each two-torus, and allowing for one two-torus to be tilted. As a consequence we obtained new models with the three families of quarks and leptons and the We also obtained a genuinely left-right symmetric model with three copies of left-handed and right-handed quarks and leptons. Nevertheless, this model still has a large number (16) of Higgs bi-doublets, as well as chiral matter charged under the left-right symmetric gauge group and the additional gauge sector.
In these models, the origin of the hypercharge is within left-right symmetric (Pati-Salam) gauge group structure, i.e. the non-anomalous hypercharge is obtained as a linear combination of non-anomalous U(1) charges that are a part of the Pati-Salam gauge group [30] . It would be interesting to generalize these constructions to cases where the hypercharge would not be a descendant of the left-right symmetric model. We hope to address these types of models in the future.
The models presented in this paper all have additional, semi-hidden, gauge group structure that is typically confining, i.e. the additional gauge group factors have negative beta
functions. This sector may therefore allow for a possibility of dynamical supersymmetry breaking and moduli stabilization as addressed for the original model [12, 13] in [24] . It would be very interesting to address dynamical supersymmetry breaking for the new classes of Standard-like models, presented in this paper.
